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Using a hydrogen-terminated Si $111% surface as a substrate, we have grown Si nanowhiskers along
the ^112& direction by the vapor–liquid–solid mechanism. The minimum silicon core diameter was
3 nm and the maximum length was about 2 mm. The minimum silicon core diameter is close to the
critical value for visible light emission due to the quantum confinement effect. In contrast to an
oxidized Si surface, the hydrogen-terminated surface facilitates the formation of small molten
Au–Si catalysts at a lower temperature ~500 °C! which is slightly above the eutectic temperature.
The formation of catalysts and the subsequent growth at the low temperature yield thin Si
nanowhiskers on a Si substrate. © 1998 American Institute of Physics. @S0003-6951~98!01051-1#When electrons are confined in an extremely small re-
gion of a semiconductor material, they behave in different
ways from those in bulk crystals. These phenomena, called
quantum confinements, have been observed in ‘‘nanodots’’1
and ‘‘nanowires’’2 of semiconductor compounds. In silicon,
it is predicted3,4 that wires or dots smaller than 2–3 nm in
diameter may exhibit visible photoluminescence: Conse-
quently, various efforts have been made to fabricate silicon-
based nanostructures.5–12 We show that silicon nanowhiskers
whose sizes are close to the critical value can be grown by
the vapor–liquid–solid ~VLS! mechanism13,14 when the ini-
tial surface condition of the silicon substrates are controlled.
Among various nanofabrication techniques, the VLS
growth technique is well known. Under the correct partial
pressure of a source gas of silane ~SiH4), silicon whiskers of
several tens of nanometers are grown from molten Au–Si
catalysts on a silicon substrate.8,9 More recently, silicon
nanowhiskers have been grown from freestanding catalysts
via the laser ablation technique.10–12 These studies claimed
that there is a lower limit for the diameter of whiskers grown
on a substrate of about 10 nm. However, none of these pre-
vious studies paid attention to the surface nature of the sili-
con substrate, on which the molten Au–Si catalysts are
formed. Using a hydrogen ~H!-terminated $111% silicon sur-
face, we have examined the conditions for catalysts forma-
tion as well as whisker growth, and have found that silicon
nanowhiskers ~3.0 nm in minimum silicon–core diameter
and about 2 mm in maximum length! can indeed be grown on
the substrate by the VLS technique.
A H-terminated Si $111% surface was prepared as a sub-
strate for whisker growth. After degreasing with acetone, the
Si $111% specimen was dipped into an aqueous NH4F solu-
tion ~40 wt. %, pH57–8! in order to remove the preexisting
native oxide layer on its surface and terminate the surface
with hydrogen atoms.15 The specimen was then immediately
transferred into a vacuum chamber, and gold was evaporated
on the surface at room temperature in a vacuum of ;1026
Torr. The thickness of the gold deposit was estimated to be 2
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reaction tube set in a furnace. The specimens were prean-
nealed in the tube at 500 °C for 1 h and then, at the same
temperature, SiH4 gas diluted in argon ~1% SiH4) flowed
into the reaction tube at a rate of 1500 cc/min for 4 min. It is
known that SiH4 yields much thinner silicon whiskers than
SiCl48 which was used in the pioneer work by Wagner
et al.13 For comparison, a silicon $111% surface covered with
its native oxide layer was also used as a substrate. The speci-
mens were examined with transmission electron ~160 keV!
microscopy ~TEM! and diffraction ~TED!. The whiskers
were also studied using Raman spectroscopy, in which an
Ar1-ion laser of 514.5 nm line was used for excitation with
laser power on the whiskers estimated to be about 2 mW.
The spectral resolution of the detector was about 5 cm21.
Nanowhiskers grown on a H-terminated $111% surface
are shown in Fig. 1~a!. The whiskers’ outside diameter
ranges from 6.0 to about 30 nm. A Au-silicide particle on the
top of a whisker @as indicated by arrows in Fig. 1~a!# is the
evidence of VLS growth. Transmission electron diffraction
from the whiskers proves that they are of crystalline silicon
as seen in Fig. 1~b!. High resolution TEM images ~e.g., Fig.
2! have shown that the diameters of the silicon core range
from 3.0 to 25 nm, and the core is covered with a thin SiO2
amorphous layer whose thickness is estimated to be less than
2.0 nm. Clearly, the Fourier filtered image in Fig. 2~b! ex-
hibits the $111% lattice planes in the core of the whisker.
Here, only the spectra with the diffuse streaks contribute to
the filtered image, as well as the central peak of zero spatial
frequency. The minimum outside diameter is much smaller
than that of whiskers8,9 grown on an unprepared surface, i.e.,
15–20 nm. The growth condition in our experiment differs
from previous works, in that the partial pressure of SiH4 was
significantly higher. In fact, we confirmed that under our
growth conditions, only a few whiskers grew on unprepared
surfaces. Therefore, we have found that the growth of silicon
nanowhiskers depends on the preparation of the surface.
Figure 3 depicts the Raman spectrum from the whiskers
shown in Fig. 1. We observe an asymmetric peak at 520
cm21 with a linewidth of 50 cm21. It differs considerably0 © 1998 American Institute of Physics
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width is 5.5 cm21. The asymmetry and the larger linewidth
of the Raman peak also appear in porous silicon16 and free-
standing nanowire11 due to the quantum confinement effect.
We studied the formation process of catalysts on a sili-
con surface by preparing two kinds of thin silicon specimens:
one with hydrogen-terminated surfaces and the other with
untreated surfaces naturally covered with an oxide layer. Af-
ter gold was deposited on one surface of the thin specimens
in the same way as described above, the specimens were
observed by means of in situ plan-view TEM. The vacuum in
the electron microscope was estimated to be 2.631027 Torr.
Just after deposition, we could not find any difference in
morphology between two kinds of surfaces. The grains of
crystalline fcc gold form on both prepared @Fig. 4~a!# and
FIG. 1. ~a! Si nanowhiskers grown on a H-terminated Si $111% surface. ~b!
Transmission electron diffraction from two nanowhiskers, in which the in-
cident electron beam is parallel to the ^110& directions of both whiskers. The
diffraction spots from the $111%-type planes from the two whiskers, indi-
cated by single and double arrows, respectively, are accompanied with the
diffuse streaks normal to the growth directions, i.e., the ^112& directions.
FIG. 2. ~a! HRTEM image of a Si nanowhisker whose Si core diameter is
about 3 nm. The whisker grew along the ^112& direction. ~b! Clearly, the two
kinds of $111% type lattice planes are seen in the core of the whisker in the
Fourier filtered image.
Downloaded 12 Feb 2010 to 130.34.135.83. Redistribution subject tountreated @Fig. 4~b!# surfaces. However, observing in situ the
gold islands on the hydrogen-terminated surface at 500 °C,
which is equal to the temperature of preannealing and VLS
growth, we have found that many molten Au–Si islands
form @Fig. 4~c!#. The corresponding electron diffraction pat-
tern @the inset of Fig. 4~c!# exhibits the halo rings ~indicated
by the arrow! due to molten islands of Au and Si. The sizes
of the islands range from about 4 to 40 nm, probably corre-
sponding to the diameters of the nanowhiskers. It is known
that, in contrast to silver and other metals on a hydrogen-
terminated silicon surface,17 gold and silicon mutually dif-
fuse regardless of the existence of hydrogen at a surface.18
Therefore, the Au–Si interdiffusion takes place even in a
conventional high vacuum environment (;1027 Torr!
whenever the preannealing temperature exceeds the eutectic
temperature, i.e., 363 °C. The molten Au–Si catalysts are
formed as easily as in ultrahigh vacuum environment. On the
other hand, the grains of crystalline gold coarsened at 500 °C
on the untreated surface @Fig. 4~d!#, since the native oxide
layer prevents gold from diffusing into a silicon substrate
vice versa even above the eutectic temperature.19 Therefore,
on the oxidized surface, preannealing at a higher temperature
is needed, since crystalline gold islands must absorb silicon
from SiH4 in order to form molten Au–silicide catalysts for
VLS growth. Oxygen is presumably involved in this process,
probably causing various growth defects such as kinks as
observed in the previous work.8
FIG. 3. Raman spectrum from the Si nanowhiskers shown in Fig. 1.
FIG. 4. ~a! Deposited Au on a H-terminated Si $111% surface observed at
RT. ~b! Deposited Au on a Si~111! surface with a native oxide layer ob-
served at Rt. ~c! An in situ image of ~a! after annealing for 1 h at 500 °C. ~d!
An in situ image of ~b! after annealing for 1 h at 500 °C.
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tially along the ^111& direction.8,10,13 However, observing our
nanowhiskers by high-resolution TEM, we found that many
of them grew along the ^112& direction of the diamond struc-
ture ~Fig. 2!. Accordingly, the corresponding TED spots are
accompanied with the diffuse streaks which are normal to the
^112& direction as seen in Fig. 1~b!. It was thought14 that the
whiskers grew epitaxially along ^111& even on the $112% sub-
strate. In contrast, the recent studies of whiskers grown from
freestanding catalysts ~without a substrate! imply that growth
along ^111& originates from the stable interface between the
molten catalysts and the silicon crystal, i.e., Si $111%. When
the whiskers are thinner, or the interface is smaller, it seems
that the solid–liquid interface becomes unstable. Thus, the
interface may be lying on not only Si $111%, but also the
other planes whenever the interface energies are sufficiently
low such as the $112% plane. Furthermore, whiskers grown
along ^112& can be bounded by surfaces of low energy, i.e.,
$111%, $113%, and $110%.20 This argument is supported by the
experimental result that the nanowhiskers along ^112& do not
always exhibit the epitaxial relationships with the substrate
as seen in Fig. 1. In the TED pattern @Fig. 1~b!#, the diffrac-
tion spots indicated by the single arrows correspond to whis-
kers grown epitaxially on the substrate, while the double
arrows correspond to whiskers grown nonepitaxially on the
substrate. Knowing that there are various low-energy grain
boundaries in Si, we believe that grain boundaries of silicon
crystals are probably left at the roots of the whiskers.
Finally, we discuss the growth conditions necessary for
fabricating thinner silicon whiskers. Wagner et al.13,14 have
already shown that the diameter decreases when the growth
temperature is lowered. According to published studies,8 a
higher partial pressure of SiH4 tends to grow thinner whis-
kers. However, whiskers grown at lower temperatures range
~from 320 to 440 °C! and under a partial SiH4 pressure of
0.01–1 Torr, have a number of structural defects such as
kinks, even though their diameters reach 15–20 nm.8 There-
fore, it was thought that the conventional VLS technique
cannot yield straight nanowhiskers.8 In our study using theDownloaded 12 Feb 2010 to 130.34.135.83. Redistribution subject toH-terminated surface, we have grown nanowhiskers at lower
temperatures and under much higher SiH4 partial pressures.
In summary, we have succeeded in growing silicon
nanowhiskers on a hydrogen-terminated silicon $111% surface
by the VLS mechanism. The one-dimensional nanostructures
exhibit a Raman spectrum consistent with quantum confine-
ment effects.
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